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Edited by Irmgard SinningAbstract The G-protein regulatory (GPR) motif is a25 amino
acid sequence that stabilizes the GDP-bound conformation of
Gia. To identify additional GPR motifs, we expanded a motif-
based search strategy and identiﬁed an additional 4 mammalian
proteins (WAVE1–3, rat GHRH) and 10 plant proteins with can-
didate GPR motifs. The WAVE1 GPR peptide inhibited GTPcS
binding to puriﬁed G-protein. Endogenous Gia and WAVE1
coimmunoprecipitated from brain lysates. A WAVE1–G-protein
complex was also observed following transfection of COS7 cells
with Gia3 and WAVE1. The docking of Gia within a WAVE1
scaﬀolding complex may facilitate dynamic cycling and/or target-
ing for eﬃcient and localized control of actin polymerization.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Activators of G-protein signaling (AGS) were isolated in a
yeast-based functional screen of mammalian cDNA libraries
for receptor independent activators of heterotrimeric G-pro-
tein signaling [1–6]. Ten distinct AGS proteins as deﬁned in
the functional screen can be divided into three groups that
interact with diﬀerent subunits and/or conformations of het-
erotrimeric G-proteins and selectively regulate diﬀerent types
of G-proteins. AGS1 and AGS3-6 bind to Ga subunits,
whereas AGS2 and AGS7-10 bind directly to free Gbc.
AGS3-6 encode proteins containing one or more G-protein
regulatory (GPR) motifs.
The GPR motif (or GoLoco domain) stabilizes the GDP-
bound conformation of Gia, may promote subunit dissocia-
tion of Gabc and competes for binding of Gbc to Gia [2,3].
GPR motifs generally exhibit selectivity for Gia versus Goa
[3] and speciﬁc GPR motifs may distinguish among Gia iso-
forms [7]. Such mechanisms of G-protein regulation dramati-
cally diﬀer from that involving a typical G-protein coupled
receptor and might lead to selective activation of Gbc-regu-Abbreviations: AGS, activator of G-protein signaling; GHRH, growth
hormone releasing hormone; GPR, G-protein regulatory; MEME,
multiple Em for motif elicitation; MAST, motif alignment and search
tool
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with GaGDP independent of heterotrimer and such a complex
may operate within the cell using as yet unidentiﬁed guanine
nucleotide exchange factors to receive signal input. The role
of AGS and other accessory proteins in cellular signaling is
an area of intensive investigation [2]. GPR containing proteins
and G-proteins play critical roles in asymmetric cell division
and neural development [2,8–10]. AGS3 is also involved in sig-
nal integration in the brain with respect to signals controlling
‘‘desire’’ or addictive behavior [11,12].
As part of a broader strategy to identify GPR-related motifs,
we extended a motif-based search strategy using the MEME
(multiple Em for motif elicitation) and MAST (motif align-
ment and search tool) system (http://meme.sdsc.edu/meme/
website/intro.html) [6,13]. This strategy identiﬁed an addi-
tional four mammalian proteins (WAVE1–3, rat GHRH)
and 10 plant proteins with candidate GPR motifs. The
WAVE1 peptide inhibited GTPcS binding to Gia consistent
with a bioactive GPR motif and WAVE1 coimmunoprecipi-
tated with Gia from tissue and cell lysates. WAVE1–3 are
members of the Scar/WASP family proteins involved in con-
trolling actin polymerization, membrane ruﬄing and cell
migration in response to a variety of extracellular stimuli
[14–18]. A regulatory role for G-proteins in a WAVE1 scaf-
folding complex provides an unexpected mechanism for signal
input to WAVE1 and control of actin dynamics.2. Materials and methods
2.1. Materials
Anti-WAVE1 ascites (clone 84.79), Anti-p34-Arc – Upstate Biotech-
nology (Lake Placid, NY); ANTI-FLAGM2 IgG – Sigma (Saint Louis,
MO); ANTI-ACTIN MAB1501R – Chemicon International (Teme-
cula, CA). Gia3 antisera was a kind gift from Dr. Thomas Gettys (Pen-
nington Biomedical Research Institute). Puriﬁed brain G-protein and
Gb-common antiserum were a kind gift from Dr. John Hildebrandt
(Medical University of South Carolina). pcDNA3::FLAG-WAVE1
(AAH44591) was kindly provided by Dr. John Scott (Vollum Institute).
All other materials were obtained as described elsewhere [1,19].2.2. In-silico screening strategy
The database search was implemented using the MEME/MAST
(http://meme.sdsc.edu/meme/website/intro.html) [13] system at the
San Diego Supercomputer Center. MAST searches the database using
a position-dependent scoring matrix to represent a motif deﬁned with
MEME. The searches were conducted on the non-redundant (nr: Gen-
Bank CDS translations, PDB, SwissProt, and PIR) peptide database.
The output from MEME is a weight matrix, which is then used toblished by Elsevier B.V. All rights reserved.
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known and unknown proteins using the MAST program. The fre-
quency distribution of the motifs in protein databases set can be used
to assess the signiﬁcance of the association of the GPR motif(s) within
proteins. A series of matrices were generated in which the core
‘‘DDQR’’ was contained within sequences of varying length. An addi-
tional analogous series of matrices were generated in which the
‘‘DDQR’’ core was changed to ‘‘EEQR’’. Custom matrices were devel-
oped using the 35 known (non-redundant) GPR domains as well as the
non-AGS3 family GPR proteins in Homo sapiens. For mammalian
GPR domains only human sequences were used for matrix construc-
tion as the sequences from mice and rats are highly similar to human
and would have the negative eﬀect of increasing the stringency of the
searching matrix. New sequences identiﬁed as candidate GPR motifs
using the MEME strategy were then used to search for related proteins
by Blastp using both the candidate GPR motif and the corresponding
full length protein to identify related proteins that may have been
missed by MAST.Fig. 1. GPR motifs identiﬁed by the in-silico screen and their activity in guani
amino acids are depicted in red and the orange colors represent conserved am
AAH44591, WAVE2 – AAH40943, and WAVE3 – AAH50283, GHRH – NP
presence of the GPR peptides. Data in Figs. 1 and 2 are expressed as the perce
presented as the mean ± S.E. of three experiments with duplicate determ
MDDQRVDLAG.2.3. GTPcS binding assays
Assays were conducted as previously described [20]. All peptides
were synthesized and puriﬁed by Bio-Synthesis, Inc. (Lewisville, TX),
and peptides were mass-veriﬁed by matrix-assisted laser desorption
ionization mass spectrometry. The amino terminus of the peptides
was acetylated, and the carboxyl terminus was amidated.
2.4. Immunoprecipitation and immunoblotting
Frozen rat brains were homogenized in lysis buﬀer (25 mM HEPES,
150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA, pro-
tease inhibitor tablet – Complete Mini – Roche; 3 ml/brain), incubated
on ice for 1 h and then centrifuged at 45,000 · g for 30 min. COS7 cells
at 80–90% conﬂuency in six well plates were transfected with 2 lg of
containing pcDNA3::FLAG-WAVE1 and/or pcDNA3::Gia3 using
Lipofectamine 2000 (10 ll/well). 24 h post-transfection cells were
washed with cell-washing solution (137 mM NaCl, 2.6 mM KCl,
1.8 mM KH2PO4 and 10 mM Na2HPO4), and harvested by scrapingne nucleotide binding assays. (A) Alignment of GPR motifs. Consensus
ino acids with or without a spatial shift. Accession numbers: WAVE1 –
_113765. (B) GTPcS binding to puriﬁed Gia1 or Goa (100 nM) in the
ntage of speciﬁc binding observed in the absence of the peptides and are
inations. GPR consensus peptide – TMGEEDFFDLLAKSQSKR-
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and centrifuged at 16,000 · g for 15 min. Two hundred and thirty
microliters of supernatant lysates (1.5 mg protein – brain; 400 lg pro-
tein – cells) were pre-cleared with 12.5 ll of Gammabind G-Sepharose
for 30 min at 4 C. Following centrifugation, 10 ll of Anti-WAVE1
ascites, 2 ll of ANTI-FLAG M2 antibody or 1 ll of Gia3 antisera
were added to pre-cleared lysates, incubated for 14 h at 4 C and
microcentrifuged at 4 C. The pellet was washed with 1 · 500 ll of lysis
buﬀer, 3 · 500 ll of lysis buﬀer containing 1 M NaCl and once again
with 500 ll of lysis buﬀer. Immunoprecipitated proteins were resus-
pended in 2X Laemmli buﬀer, placed in a boiling water bath for
5 min and microcentrifuged prior to loading on denaturing 10% poly-
acrylamide gels for immunoblotting.Fig. 2. Eﬀects of WAVE1 GPR peptide on GTPcS binding to puriﬁed
G-proteins. GTPcS binding was measured in the presence of increasing
concentrations of WAVE1 and the consensus GPR peptides (A) or
GPR motif mutant peptides (10 lM) (B). Puriﬁed Gia1 was used in
(B). WT – wild type.3. Results and discussion
Based upon structure activity studies and the crystal struc-
ture of the GPR or GoLoco motif in RGS14 complexed with
Gia [6,19–27], the GPR core motif can be thought of as two
modules centered around the highly conserved glutamine in
the middle of the motif (see Fig. 1). Module I is generally mod-
eled as an amphipathic helix in all GPR motifs identiﬁed to
date. Module II contains the ‘‘D/ED/EQR’’ sequence in direct
contact with nucleotide bound to Gia [23]. Alignment of GPR
domains indicates that there is increased sequence divergence
in Module I as compared to Module II and this region around
the D/ED/EQR sequence may be evolutionarily constrained.
GPR motifs in the database were initially identiﬁed with a
search strategy using a 20–23 amino acid window with a high
degree of stringency. A new search strategy using lower strin-
gency and focusing on the conserved D/ED/EQR sequence in
Module II was designed to identify additional GPR motifs.
This search strategy identiﬁed additional candidate GPR
motifs in four mammalian proteins and 10 plant proteins
(see Fig. 1A). The mammalian proteins included three mem-
bers of the Wiskott–Aldrich syndrome protein (WASP) family
of scaﬀolding proteins involved in actin polymerization and
membrane ruﬄe formation in response to external stimuli.
The candidate GPR motifs included 10 proteins from Arabid-
opsis thaliana and Oryza sativa. Other than the plant proteins
NP_188866, which contains a conserved region (137–244,
DUF1421 motif) found in a number of plant proteins with un-
known function, and T06655, which contains two putative
membrane spans, none of the identiﬁed proteins possessed
any identiﬁable domains or motifs (SMART website: smar-
t.embl-heidelberg.de). Rat GHRH (NP_113765) was identiﬁed
as the fourth mammalian protein. Even though rat GNRH
(NP_113765) and the human ortholog (CAB41762) exhibit
58% homology, CAB41762 was not identiﬁed in the search
strategy reﬂecting diﬀerences in key amino acids at residues
(QERG in CAB41762 versus QEQR in NP_113765), which
actually provides a good example of the ‘‘cutoﬀ’’ for selection.
Although we generally imagine that Module I and Module II
are in close primary sequence proximity, it is also possible that
the two ‘‘modules’’ for G-protein binding are found in diﬀerent
regions of a protein and brought into spatial proximity by
tertiary structure.
Inﬂuence of candidate GPR sequences on guanine nucleotide
binding to Gia. The biological activities of candidate GPR se-
quences deﬁned in the search above were determined by exam-
ining the ability of corresponding peptides to inhibit GTPcS
binding to recombinant Gia and Goa puriﬁed following
expression in Sf9 cells. Of the six peptides examined, onlythe WAVE1–GPR peptide inhibited GTPcS binding to puri-
ﬁed Gia1 (see Fig. 1B). The inactivity of the WAVE2 and 3
candidate GPR peptides in this assay may reﬂect either a pref-
erence for G-protein a subunits other than Gia and Goa, a
requirement for amino acids outside the core motif used to
generate the peptides or spatial diﬀerences in the relationship
between hydrophobic residues in Module 1. The inactivity of
the candidate GPR sequences from plant in this assay may re-
ﬂect diﬀerences in the sequence of G-protein a subunits in this
1996 K.S. Song et al. / FEBS Letters 580 (2006) 1993–1998organism versus mammalian Gia as G-protein (GPA1:
P18064, Arabidopsis and P49083, Oryza) in the two plant spe-
cies exhibit only 51% and 38% homology to human Gia3,Fig. 3. Coimmunoprecipitation of WAVE1 and Gia. Rat brain lysates (2 mg)
100 lM GTPcS and 25 mM MgCl2 at 24 C for 30 min prior to immunopr
(1:5000) and then stripped and sequentially reprobed with antibodies or sera
(1:5000). The input lane contains one-tenth of the lysate volume used for imm
immunoprecipitation; IB – immunoblot.respectively. None of the candidate GPR peptides altered
nucleotide binding to puriﬁed Goa consistent with the general
preference of GPR motifs identiﬁed to date for Gia1.(A) or COS-7 cells lysates (B) were preincubated with 100 lM GDP or
ecipitation. Membrane transfers were ﬁrst blotted with Gia3 antisera
recognizing WAVE1 (1:2000), actin (1:1000), p34 Arc (1:1000) and Gb
unoprecipitation. The data are representative of three experiments. IP –
K.S. Song et al. / FEBS Letters 580 (2006) 1993–1998 1997The WAVE1 GPR peptide inhibited GTPcS binding to puri-
ﬁed Gia1 (IC50 8.2 ± 0.38 lM), Gia2 (IC50 11.21 ± 0.51 lM)
and Gia3 (IC50 8.11 ± 0.13 lM). For Gia1 and Gia2, the
IC50 for the WAVE1 GPR peptide was approximately 10–
15-fold higher than that exhibited by the consensus GPR pep-
tide, whereas the two peptides exhibited similar IC50 values in
assays with Gia3 (see Fig. 2A). The WAVE1 GPR peptide did
not alter nucleotide binding to puriﬁed bovine brain G protein
(Fig. 2A) and the inhibition of nucleotide binding to Gia by
the WAVE1 GPR peptide was not observed following substi-
tution of alanine for the conserved glutamine within the D/
ED/EQR sequence (see Fig. 2B) as previously shown for the
GPR consensus peptide [19,22].
G-proteins as part of a WAVE1 signaling complex. The
presence of a GPR motif in WAVE1 is of particular interest
as multiple modes of signal input, including that from
G-protein coupled receptors, initiate membrane ruﬄing and
cell migration. Candidate GPR motifs in WAVE proteins
are embedded in the WH2 domain, which also contains the
actin binding domain for WAVE proteins. The precise mech-
anistic aspects of WAVE1-mediated control of actin polymer-
ization are complex and while one may predict a role of
WAVE1 in membrane ruﬄing in response to activation of
a GPCR, direct evidence of such is lacking. As an initial ap-
proach to determine a potential role for the GPR motif in
WAVE1-mediated signal processing, we asked if Gia was a
component of the WAVE1 complex of proteins. Endogenous
Gia3 and WAVE1 were coimmunoprecipitated from rat
brain lysates and this interaction was disrupted by activation
of G-proteins with GTPcS (see Fig. 3A), indicating that the
interaction is regulated.
The speciﬁcity of the interaction between WAVE1 and Gia3
was further addressed by cotransfection of COS7 cells with
FLAG-tagged WAVE1 and Gia3. Transfected Gia3 and
WAVE1 also coimmunoprecipitated and this was disrupted
by addition of GTPcS (see Fig. 3B). The absence of p34Arc
in the WAVE1 complex immunoprecipitated from rat brain,
but its presence in the WAVE1 complex immunoprecipitated
from COS7 cell lysates, may reﬂect the diﬀerences in the stoi-
chiometry of interacting proteins in the two tissues. An intact
WAVE1 GPR motif was required for coimmunoprecipitation
of Gia and WAVE1 as the interaction was not observed in par-
allel experiments with WAVE1-Q517A (see Fig. 3B), a muta-
tion that corresponds to the Q22A substitution in the GPR
peptide rendering it inactive in guanine nucleotide binding as-
says (see Fig. 2B) [19]. As observed for coimmunoprecipitation
of Gia3 and WAVE1 from brain lysates, Gbc was also associ-
ated with the WAVE1-complex in transfected COS-7 cell
lysates. As the GPR motif eﬀectively competes with Gbc for
binding to Gia [21] and a GPR peptide promotes subunit
dissociation [28], the presence of Gbc in the WAVE1 complex
may represent binding to a component of the complex other
than Gia. However, Gbc was not coimmunoprecipitated with
the WAVE1-Q517A mutant following COS-7 transfection
suggesting that an intact GPR motif is also required for the
presence of Gbc in this complex. The presence of Gbc in the
WAVE-1 complex may be a consequence of Gia3 binding
to WAVE1 or perhaps the GPR motif in WAVE1 interacts
with Gia in a manner that still allows Gia binding to Gbc.
These results indicate that heterotrimeric G-proteins may
directly regulate the dynamics of a WAVE1 signaling complex.
Consistent with this thought is that the presence of actin andp34Arc, which is a key component of the Arp2/3 complex
regulating actin polymerization, in the WAVE1 complex was
also GTPcS-sensitive (see Fig. 3A and B). It is not clear if
Ga is actively regulating WAVE1 function or whether it is sim-
ply docked there awaiting an incoming signal from a non-
receptor guanine nucleotide exchange factor [29–33]. Perhaps
the presence of Gia in a WAVE1 scaﬀolding complex provides
a mechanism for precise control of localized actin polymeriza-
tion by permitting a form of regulated cycling or subcellular
positioning of the complex.
Acknowledgements: The authors are greatly appreciative of the kind
gifts of reagents provided by Drs. Graber (West Virginia University
School of Medicine), Gettys (Pennington Biomedical Research Insti-
tute), Hildebrandt (Medical University of South Carolina) and Scott
(Vollum Institute) as well as the continued technical support of Mau-
reen Fallon. The authors also appreciate the helpful discussions with
Dr. James Bear (University of North Carolina – Chapel Hill). This
work was supported by National Institutes of Health Grants
MH90531 (SML), NS24821 (SML) and a Postdoctoral Fellowship
award to K.S.S. by the Korea Science and Engineering Foundation
(KOSEF). SML also appreciates the support provided by a Research
Scholar Award from Yamanouchi Pharmaceutical Company (now
Astellas Pharma) and the Lederle Laboratories/David R. Bethune
Professorship in Pharmacology.References
[1] Sato, M., Cismowski, M.J., Toyota, E., Smrcka, A.V., Lucchesi,
P.A., Chilian, W.M. and Lanier, S.M. (2006) Identiﬁcation of a
receptor-independent activator of G protein signaling (AGS8) in
ischemic heart and its interaction with Gbetagamma. Proc. Natl.
Acad. Sci. USA 103, 797–802.
[2] Sato, M., Blumer, J.B., Simon, V. and Lanier, S.M. (2006)
Accessory proteins for G proteins: partners in signaling. Annu.
Rev. Pharmacol. Toxicol. 46, 151–187.
[3] Blumer, J.B., Cismowski, M.J., Sato, M. and Lanier, S.M. (2005)
AGS proteins: receptor-independent activators of G-protein
signaling. Trends Pharmacol. Sci. 26, 470–476.
[4] Cismowski, M.J. and Lanier, S.M. (2005) Activation of hetero-
trimeric G-proteins independent of a G-protein coupled receptor
and the implications for signal processing. Rev. Physiol. Biochem.
Pharmacol. 155, 57–80.
[5] Cismowski, M.J., Takesono, A., Ma, C., Lizano, J.S., Xie, X.,
Fuernkranz, H., Lanier, S.M. and Duzic, E. (1999) Genetic
screens in yeast to identify mammalian nonreceptor modulators of
G-protein signaling. Nat. Biotechnol. 17, 878–883.
[6] Takesono, A., Cismowski, M.J., Ribas, C., Bernard, M., Chung,
P., Hazard 3rd, S., Duzic, E. and Lanier, S.M. (1999) Receptor-
independent activators of heterotrimeric G-protein signaling
pathways. J. Biol. Chem. 274, 33202–33205.
[7] Mittal, V. and Linder, M.E. (2004) The RGS14 GoLoco domain
discriminates among Galphai isoforms. J. Biol. Chem. 279,
46772–46778.
[8] Sanada, K. and Tsai, L.H. (2005) G protein betagamma subunits
and AGS3 control spindle orientation and asymmetric cell fate of
cerebral cortical progenitors. Cell 122, 119–131.
[9] Betschinger, J. and Knoblich, J.A. (2004) Dare to be diﬀerent:
asymmetric cell division in Drosophila, C. elegans and verte-
brates. Curr. Biol. 14, 674–685.
[10] Bellaiche, Y. and Gotta, M. (2005) Heterotrimeric G proteins and
regulation of size asymmetry during cell division. Curr. Opin. Cell
Biol. 17, 658–663.
[11] Yao, L., McFarland, K., Fan, P., Jiang, Z., Inoue, Y. and
Diamond, I. (2005) Activator of G protein signaling 3 regulates
opiate activation of protein kinase A signaling and relapse of
heroin-seeking behavior. Proc. Natl. Acad. Sci. USA 102, 8746–
8751.
[12] Bowers, M.S., McFarland, K., Lake, R.W., Peterson, Y.K.,
Lapish, C.C., Gregory, M.L., Lanier, S.M. and Kalivas, P.W.
(2004) Activator of G protein signaling 3: a gatekeeper of cocaine
sensitization and drug seeking. Neuron 42, 269–281.
1998 K.S. Song et al. / FEBS Letters 580 (2006) 1993–1998[13] Bailey, T.L. and Gribskov, M. (1998) Combining evidence using
p-values: application to sequence homology searches. Bioinfor-
matics 14, 48–54.
[14] Eden, S., Rohatgi, R., Podtelejnikov, A.V., Mann, M. and
Kirschner, M.W. (2002) Mechanism of regulation of WAVE1-
induced actin nucleation by Rac1 and Nck. Nature 418, 790–793.
[15] Suetsugu, S., Yamazaki, D., Kurisu, S. and Takenawa, T. (2003)
Diﬀerential roles of WAVE1 and WAVE2 in dorsal and periph-
eral ruﬄe formation for ﬁbroblast cell migration. Dev Cell 5, 595–
609.
[16] Soderling, S.H., Binns, K.L., Wayman, G.A., Davee, S.M., Ong,
S.H., Pawson, T. and Scott, J.D. (2002) The WRP component of
the WAVE-1 complex attenuates Rac-mediated signalling. Nat.
Cell. Biol. 4, 970–975.
[17] Stradal, T.E., Rottner, K., Disanza, A., Confalonieri, S., Inno-
centi, M. and Scita, G. (2004) Regulation of actin dynamics by
WASP and WAVE family proteins. Trends Cell Biol. 14, 303–311.
[18] Bear, J.E., Rawls, J.F. and Saxe 3rd, C.L. (1998) SCAR, a WASP-
related protein, isolated as a suppressor of receptor defects in late
Dictyostelium development. J. Cell Biol. 142, 1325–1335.
[19] Peterson, Y.K., Hazard 3rd, S., Graber, S.G. and Lanier, S.M.
(2002) Identiﬁcation of structural features in the G-protein
regulatory motif required for regulation of heterotrimeric G-
proteins. J. Biol. Chem. 277, 6767–6770.
[20] Peterson, Y.K., Bernard, M.L., Ma, H., Hazard 3rd, S., Graber,
S.G. and Lanier, S.M. (2000) Stabilization of the GDP-bound
conformation of Gialpha by a peptide derived from the G-protein
regulatory motif of AGS3. J. Biol. Chem. 275, 33193–33196.
[21] Bernard, M.L., Peterson, Y.K., Chung, P., Jourdan, J. and
Lanier, S.M. (2001) Selective interaction of AGS3 with G-proteins
and the inﬂuence of AGS3 on the activation state of G-proteins. J.
Biol. Chem. 276, 1585–1593.
[22] Cao, X., Cismowski, M.J., Sato, M., Blumer, J.B. and Lanier,
S.M. (2004) Identiﬁcation and characterization of AGS4: a
protein containing three G-protein regulatory motifs that regulate
the activation state of Gialpha. J. Biol. Chem. 279, 27567–27574.
[23] Kimple, R.J., Kimple, M.E., Betts, L., Sondek, J. and Siderovski,
D.P. (2002) Structural determinants for GoLoco-induced
inhibition of nucleotide release by Galpha subunits. Nature 416,
878–881.[24] Kimple, R.J., Willard, F.S., Hains, M.D., Jones, M.B., Nweke,
G.K. and Siderovski, D.P. (2004) Guanine nucleotide dissociation
inhibitor activity of the triple GoLoco motif protein G18: alanine-
to-aspartate mutation restores function to an inactive second
GoLoco motif. Biochem. J. 378, 801–808.
[25] Adhikari, A. and Sprang, S.R. (2003) Thermodynamic charac-
terization of the binding of activator of G protein signaling 3
(AGS3) and peptides derived from AGS3 with G alpha i1. J. Biol.
Chem. 278, 51825–51832.
[26] Ja, W.W. and Roberts, R.W. (2004) In vitro selection of state-
speciﬁc peptide modulators of G protein signaling using mRNA
display. Biochemistry 43, 9265–9275.
[27] Ja, W.W., Adhikari, A., Austin, R.J., Sprang, S.R. and Roberts,
R.W. (2005) A peptide core motif for binding to heterotrimeric G
protein alpha subunits. J. Biol. Chem. 280, 32057–32060.
[28] Ghosh, M., Peterson, Y.K., Lanier, S.M. and Smrcka, A.V.
(2003) Receptor- and nucleotide exchange-independent mecha-
nisms for promoting G protein subunit dissociation. J. Biol.
Chem. 278, 34747–34750.
[29] David, N.B., Martin, C.A., Segalen, M., Rosenfeld, F., Schweis-
guth, F. and Bellaiche, Y. (2005) Drosophila Ric-8 regulates
Galphai cortical localization to promote Galphai-dependent
planar orientation of the mitotic spindle during asymmetric cell
division. Nat. Cell. Biol. 7, 1083–1090.
[30] Hampoelz, B., Hoeller, O., Bowman, S.K., Dunican, D. and
Knoblich, J.A. (2005) Drosophila Ric-8 is essential for plasma-
membrane localization of heterotrimeric G proteins. Nat. Cell
Biol. 7, 1099–1105.
[31] Wang, H., Ng, K.H., Qian, H., Siderovski, D.P., Chia, W. and
Yu, F. (2005) Ric-8 controls Drosophila neural progenitor
asymmetric division by regulating heterotrimeric G proteins.
Nat. Cell Biol. 7, 1091–1098.
[32] Tall, G.G. and Gilman, A.G. (2005) Resistance to inhibitors of
cholinesterase 8A catalyzes release of Galphai-GTP and nuclear
mitotic apparatus protein (NuMA) from NuMA/LGN/Galphai-
GDP complexes. Proc. Natl. Acad. Sci. USA 102, 16584–16589.
[33] Tall, G.G., Krumins, A.M. and Gilman, A.G. (2003) Mam-
malian Ric-8A (synembryn) is a heterotrimeric Galpha protein
guanine nucleotide exchange factor. J. Biol. Chem. 278, 8356–
8362.
